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Lithium borate containing MnO2 glasses have been synthesized by melt quenching technique over a wide composition range. Frequency
and temperature dependent conductivity measurements have been carried out in the range of 10 Hz to 13 MHz and at a temperature range of
298 K–523 K respectively. The impedance plots show only one semicircle indicating the presence of one type of conduction mechanism.
The analysis of dc conductivity show that the conductivity is dominated by Li+ ions and the presence of MnO2 has negligible effect. The ac
conductivity data has been analysed by fitting the data into Almond-West type power law behaviour r =r(o)+Axs. The power law exponent
s is also determined and it is found to decrease with increase of temperature. We have also carried out the scaling behaviour of the ac
conductivity and it is seen that all the curves coalesce on to a master curve suggesting that the ion transport mechanism remains unaffected at
all temperatures. The results are discussed in the light of the structure of borate glass network.
D 2005 Elsevier B.V. All rights reserved.Keywords: Borate glasses; AC conductivity; Scaling; Dielectric relaxation; Li+ conduction1. Introduction
The transport properties of oxide glasses have been of
interest for a long time because of their potential applica-
tions in technology. The use of glasses both as electrolyte
and electrode materials has given a boost to the study of ion
transport in glasses and search for new glassy materials.
Lithium borates are classical glass forming systems, which
have been extensively studied in the literature [1–3]. The
ability of boron to exist in both three and four coordinated
environments and high strength of the covalent B–O bonds,
imparts borates, the ability to form stable glasses. It is well
known that lithium ion conducting batteries develop high
voltages and high energy density due to their light weight
and highly electropositive character of the lithium metal.
These glasses have several advantages over crystalline
counterparts; easy formability over a wide range of
composition, isotropicity, absence of grain boundaries, ease
of fabrication into complex shapes.0167-2738/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ssi.2005.04.002
* Corresponding author. Tel.: +91 80 23214001x332; fax: +91 80
23389295.
E-mail address: anavekar_271@yahoo.co.in (R.V. Anavekar).The mechanism of electrical conductivity in ion con-
ducting glasses is a challenging problem. The conductivity
is generally studied as a function of temperature, and it may
also depend on structural changes in the material. This point
of view is interesting because the conductivity of vitreous
material is caused by at least two different contributions.
The first one is thermal activation. The conductivity
increases with temperature according to the Arrhenius law.
The second one is the structural change of the glass with
composition, which also causes a variation of conductivity
[4,5]. Therefore it is interesting to understand the dynamics
of the mobile ions in solid ion conductors by interpreting the
frequency dependent features in their dielectric response
[6,7]. Lithium borate glasses containing transition metal
ions such as manganese and nickel are known for electrode
materials. In the literature, we find that these glasses have
not been studied extensively. In an effort to understand the
conductivity behaviour and to find some universality in
them, Li2O–MnO2–B2O3 glass system has been taken up
for investigation.
Here, we report both dc and ac conductivity studies
performed on Li2O–MnO2–B2O3 glasses over a wide
range of composition, temperature and frequency. Interest-2005) 1393 – 1401
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lithium ions and the structure of borate glass. The scaling
analysis exhibits excellent collapse of conductivity and
dielectric modulus (MW) on to single master curve
suggesting a common transport mechanism in this glass
system.Table 1
Compositions of the glasses prepared, along with codes of designation and
their corresponding rdc, s, and b at K, Edc and Eac2. Experimental
The binary Li2O–B2O3 and ternary Li2O–MnO2–B2O3
glasses have been synthesised using high purity analar grade
chemicals lithium carbonate (Li2CO3), manganese dioxide
(MnO2) and orthoboric acid (H3BO3). Mixtures of these
materials in appropriate proportions were taken in porcelain
crucibles and thoroughly mixed and melted in a crucible at
about 1200 -C to get a homogeneous melt. The glasses
suitable for electrical conductivity measurements were
prepared by melt quenching method. All the samples were
annealed below their transition temperature.
Electrical conductivity measurements were carried out on
a Hewlett Packard HP 4192A impedance gain phase
analyzer from 10 Hz to 13 MHz in the temperature range
of 298 K to 523 K. A home built cell assembly (2-terminal
capacitor configuration and spring loaded silver electrodes)
was used for all measurements. The sample temperature was
measured using a Pt–Rh thermocouple positioned very
close to the sample. The temperature was controlled using a
Heatcon (Bangalore, India) temperature controller and the
temperature constancy of T 1 K was achieved in the entire
range of measurements. Annealed circular glass pieces,
coated with silver paint on both sides and having thickness
of about 0.1 cm and a diameter of 1 cm were used for the
measurements.Code Composition (mol%) rdc,
S cm1
s b Edc,
eV
Eac,
eV
Li2O MnO2 B2O3
LB1 10 0 90 5.28108 0.53 0.55 1.03 1.01
LB2 20 0 80 1.32107 0.55 0.54 0.99 0.98
LB3 30 0 70 4.98106 0.59 0.50 0.81 0.79
LB4 40 0 60 2.00105 0.59 0.57 0.77 0.73
CM1 5 15 80 – – – – –
CM2 10 15 75 2.76107 0.55 0.62 1.03 0.96
CM3 15 15 70 2.39108 0.57 0.59 1.01 0.95
CM4 20 15 65 2.45109 0.58 0.60 0.97 0.96
CM5 25 15 60 9.24107 0.66 0.58 1.01 0.97
CM6 30 15 55 1.91106 0.48 0.56 0.98 0.93
CL1 15 5 80 – – – – –
CL2 15 10 75 1.39108 0.56 0.59 1.02 0.90
CL3 15 15 70 2.39108 0.57 0.60 1.05 0.98
CL4 15 20 65 4.17108 0.48 0.56 0.98 0.95
CL5 15 25 60 1.72108 0.57 0.59 0.91 0.87
CL6 15 30 55 2.54108 0.54 0.59 0.94 0.89
CB1 5 35 60 – – – – –
CB2 10 30 60 1.05108 0.61 0.59 1.07 1.01
CB3 15 25 60 1.71108 0.57 0.60 1.12 1.05
CB4 20 20 60 1.61107 0.55 0.58 1.09 1.01
CB5 25 15 60 9.24107 0.52 0.57 1.00 0.98
CB6 30 10 60 3.49106 0.47 0.60 0.95 0.90
CB7 35 5 60 2.01105 0.43 0.58 0.91 0.893. Analysis of data
The capacitance (Cp) and conductance (G) of all the
samples were measured from the impedance analyser. These
were used to evaluate the real and imaginary parts of the
complex impedance using standard relations
Z4 ¼ ZVþ jZW ¼ 1
Gþ jxCp
  ð1Þ
ZV ¼ G
G2 þ x2C2p
  ð2Þ
ZW ¼ xCp
G2 þ x2C2p
  ð3Þ
The dc conductances were determined from the semi-
circular complex impedance (ZV versus ZW) plots by taking
the value of intersection of the low frequency end of thesemicircle on ZV axis. The conductivity (r) for each sample
was calculated using the expression
r ¼ G d
A

ð4Þ
where d and A are the thickness and area of the sample
respectively.
The real (eV) and imaginary (eW) parts of the complex
dielectric constant were calculated from the relations,
eV ¼ Cpd
Ae0
ð5Þ
eW ¼ r
e0x
ð6Þ
where eo is the permittivity of the free space.
The data were also analysed using the electrical modulus
formalism [8]. The real (MV) and imaginary (MW) parts of
the complex electrical modulus (M*=1/e*) were obtained
from eV and eW values using the relations,
M V ¼ eV
eV2 þ eW2  ð7Þ
MW ¼ eW
eV2 þ eW2  ð8Þ4. Results and discussion
Compositions of the glasses studied and their corre-
sponding codes are listed in Table 1. The impedance plots of
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Fig. 1. Typical impedance plots for CB6 glass at different temperatures.
V.C. Veeranna Gowda, R.V. Anavekar / Solid State Ionics 176 (2005) 1393–1401 1395all the samples were found to exhibit good semicircles. A
typical impedance plots for CB6 glass at different temper-
atures is shown in Fig. 1. In all the samples, only one
semicircle has been observed over the entire range of
temperature studied. The dc conductivities were calculated
by taking the intersection points of the semicircle on real
axis. The intersection points of the semicircles shifted to LB2
 LB3
 LB4
1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
lo
g(σ
d.
c.
) S
cm
-
1
-
1
lo
g(σ
d.
c.
) S
cm
-
1
-
1
 CL1
 CL2
 CL3
 CL4
 CL5
 CL6
1000/T (K-1)
1000/T (K-1)
-8
-7
-6
-5
-4
-8
-7
-6
1.9 2.0 2.1 2.2 2.3 2.4 2.5
(a)
(b)
-11
-10
-9
Fig. 2. a–b. Variation of log(rdc) versus 1000/T for (a) LB and (b) CL glass series.lower and lower ZV values with increasing temperature. The
variation of dc conductivities as a function of temperature
for LB, CL, CM and CB series of glasses are shown in Fig.
2a–d. In all the glasses, single linear variation of log(r)
versus 1000/T has been observed.5. DC conductivity
Fig. 2a shows the Arrhenius plots of dc conductivity of
binary lithium borate glasses. It is clear from Fig. 2a that the
dc conductivity progressively increases as the Li2O con-
centration is increased. This is expected, since the lithium
ions are the main charge carriers [9–12]. Fig. 2b shows the
Arrhenius plot of dc conductivity for CL glass series. As can
be seen from Fig. 2b that the dc conductivity seem to be
almost independent of MnO2 concentration indicating that
the presence of MnO2 does not contribute much to the
conductivity. The constancy of conductivity in CL series
may also indicate that the lithium ions present in the glass
system weakly interact with the B–O network structure.
In CM glass series also the conductivity follow the
Arrhenius behaviour (Fig. 2c). But the conductivity decreases
with increase of Li2O concentration up to 20 mol%. Furtherlo
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Fig. 3. (a) Variation of log(r) versus frequency and (b) typical ac
conductivity plots fitted to the power law equation for CB6 glass at
different temperature.
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conductivity by two orders of magnitude (see isothermal
plot given in the inset of Fig. 2c). Such behaviour is likely to
arise due to the structural changes occurring in borate glass
network. In binary Li2O–B2O3 glasses, the addition of one
mol% of Li2O will convert two moles of [BO4/2]
 (gB4) units
at the expense of [BO3/2]
o (gB3) unit. This process continues
till the concentrations of B3=B4 i.e., the diborate composition
(when the modifier concentration is approximately 33
mol%). Further increase in modifier concentration leads to
reconversion of B4 to [BO2/2O]
 (gB2) unit with a non
bridging oxygen. In the present glass system, when the
effective modifier concentration (Li2O+MnO2) is greater
than 33 mol% leads to reconversion of B4 to B2 units. Due to
the creation of non-bridging oxygens, the openness of the
network results in the weakening of the borate structure. This
is likely to facilitate greater mobility of Li+ ions resulting to
an increase in conductivity.
The behaviour of conductivity in CB glass series is
similar to that is observed in binary lithium borate glasses
and it is shown in Fig. 2d. The conductivity in CB series
increases up to three orders of magnitude when the Li2O
concentration is increased from 5 to 35 mol%. This is
expected, since Li2O is substituted in place of MnO2. As in
LB series, the migrations of Li+ ions are responsible for the
increased conductivity in CB glass series [12].
Interestingly, the magnitude of conductivity in both LB
and CB glass series is of the same order (105–108 S
cm1) which clearly indicates that the presence of MnO2
has negligible effect on lithium ion motion and does not
contribute to electronic conductivity. It is known that the
alkali oxide glasses containing transition metal oxide exhibit
mixed conductivity. For example, in Na2O–B2O3–V2O5
glasses, the contribution to conductivity is both electronic
and ionic [13]. This would result in a non-linear variation of
conductivity behaviour. But in the present glass system such
a non-linear behaviour of conductivity has not been
observed. This clearly reveals that the conductivity in the
present glass system is only due to the motion of Li+ ions.
The activation energies calculated from regression
analysis of log(r) versus 1000/T plots are listed in Table
1. In the case of LB and CB series of glasses, the activation
energy decreases with increase of Li2O concentration where
as in case of CL and CM series, the activation energies are
almost equal suggesting the fact that the lithium ions have
same environment in the glass network.6. AC conductivity behaviour
A typical plot of ac conductivity as a function of
frequency for CB6 glass is shown in Fig. 3a. The ac
conductivity behaviour of all the other glasses is qualita-
tively similar. The ac conductivities exhibit a change of
slope to higher values as the frequency is increased. A
nearly flat portion at lower frequencies and an increase tohigher values of conductivity at higher temperatures. The ac
conductivity has been analysed using Almond-West type
power law with single exponent [14–16]
r xð Þ ¼ ro þ Axs ð9Þ
where ro is frequency independent and it is identified with
the dc conductivity and the second term is the purely
dispersive component of the ac conductivity, depending on
the frequency x (x =2pf is the angular frequency) in a
characteristic power law fashion. A and s are power law fit
parameters. The power law exponent s has been found to be
material dependent [17]. Typical ac conductivity fit to
Almond-West type power law is shown in Fig. 3b for CB6
glass. At low frequencies, random distribution of the ionic
charge carriers via activated hopping gives rise to a
frequency independent conductivity. At higher frequencies,
conductivity exhibits dispersion, increasing roughly in a
power law fashion and eventually becoming almost linear at
even higher frequencies [18]. It is also evident from Fig. 3b
that the power law fit is remarkably good throughout the
frequency regime and therefore single exponent fit seems to
Table 2
The code of the glass sample, power law fit parameters, A and v2 values at
523 K for CB glass series
Code A v2
CB2 9.851011 0.00016
CB3 8.781011 0.00009
CB3 2.881010 0.00011
CB5 2.061010 0.00019
CB6 1.62109 0.00004
CB7 1.02109 0.00001
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values of ro obtained from the Almond West type power
law fit are similar in magnitude to the dc conductivities (rdc)
obtained from the impedance plots.
The power law exponent, s obtained from power law fit
is listed in Table 1. The typical power law fit parameters (A
and v2) of one of the glass (CB) series are given in Table 2.
The behaviour of s as a function of temperature for each
material is investigated and it has been found that for all the
glasses s values are temperature dependent and significantly
lower than unity and generally lie in a narrow range of 0.5–
0.7 [17]. But in case of CB glasses, s values lie between
0.42 and 0.63. The variation of s values with temperature LB2
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Fig. 4. a–b. Variation of power law exponent s with temperature for (a) LB and (b
for (c) CM and (d) CB glass series.for all the glass series is shown in Fig. 4a–d and it is clearly
seen that s values are high at low temperature and decrease
with increase of temperature. The dispersion of s values is
somewhat higher at higher temperatures. It is also evident
from Fig. 4c is that the variation of s in CM series is
marginal. This indicates the presence of least modification
in the network structure. In CB glass series lowest s value
has been observed. In these glasses s is significantly high at
low temperature. The lowest s value appears to be
associated with high degree of modification. Further, s
values are strongly dependent on the concentration of
modifier oxide; higher Li2O content glasses have lower s
values. Such behaviour is often attributed to the inter-
lithium ion interactions influencing the ac transport
[13,19,20]. Although, the analysis of Almond-West type
power law equation is limited by an inherent FFwindow
effect__. However, the observed change in the exponent
generally remains within the error of determination (T 5%)
and renders the window effect much less important than it
appears to be [21–23].
The values of activation energies, Edc determined from
log(r) versus 1000/T plots are given in Table 1. The
activation energies in case of binary lithium borate glasses CM2
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in good agreement with those reported in the literature [9–
11]. The decrease in activation energy in such glasses is
explained on the basis of Anderson–Stuart model [24],
which considers the activation energy is the sum of both
electrostatic binding energy and strain energy. The low
activation energies in LB series leads to higher conductivity
as the concentration of Li2O increases due to the contribu-
tion of large number of lithium ions, since lithium ions are
highly mobile and significantly increase the electrical
conductivity of the system. The activation energies of LB
glasses are quite small compared to the activation energies
of MnO2 containing glasses. The high activation barriers in
MnO2 based glasses may be due to the fact that greater
numbers of Li+ ions in these glasses are surrounded by
oxygen ions from borate groups.
 523 K
 548 K
M
"
0.02
0.047. Dielectric relaxation
The dielectric response of these glasses have been
examined by measuring both real and imaginary parts of3 5
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Fig. 5. Typical plots of variation of (a) real (eV) and (b) imaginary (eW) parts
of the dielectric constant with frequency for CB6 glass at different
temperatures.
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Fig. 6. Typical plots of variation of (a) real (MV) and (b) imaginary (MW)
parts of the dielectric modulus with frequency for CB6 glass at different
temperatures.the dielectric constants and moduli in the range of 10 Hz to
13 MHz. The variation of real (eV) and imaginary (eW) parts
of dielectric constant with frequency for CB6 glass at
different temperature is shown in Fig. 5a and b. Since the
glasses investigated are ion conducting; low frequency
dispersion is quite high which is generally attributed to1.9 2.0 2.1 2.2 2.3 2.4 2.5
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Fig. 7. Typical plot of log(s) versus 1000/T for CB glass series.
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(MW) parts of dielectric moduli as a function of temperature
and frequency for CB6 glass is shown in Fig. 6a and b. The
behaviour of dielectric constant and dielectric modulus are
qualitatively similar for all the glasses examined. It is
evident from Fig. 6b that MW values exhibit characteristi-
cally asymmetric peaks. The asymmetricMW peak originates
from the nature of relaxation behaviour. The center of the
relaxation peak is characterized by fo. It can also be seen
from Fig. 6b that the MW is found to be constant (MmaxW) and
the peaks systematically shift towards higher frequencies
with increase of temperature. MW peaks are reasonably well
fitted using Kohlrausch–Williams–Watts (KWW) or
stretched exponential function [26–28] for relaxation;
/ ¼ /0exp 
t
s
 b
ð10Þ
where s is the characteristic relaxation time and b is the
stretched exponent and its value lies between 0 and 1. The
relaxation time sp was calculated using the relaxation-3 -2 -1 0 2
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Fig. 9. Typical plots of log(r/ro) versus log( f/fo) for CL glass series
between 423 K to 523 K.frequency (xp); sp=1/xp. The relaxation time also system-
atically shifts to higher values with increase of temperature.
The variation of log(sp) versus (1000/T) of LB, CL, CM and
CB glass follow Arrhenius behaviour. A typical plot for CB
glass series is shown in Fig. 7.
The characteristic relaxation time, sp is given by the
relation,
sp ¼ s0exp Eac
kT

ð11Þ
The values of ac activation energies, Eac are given in
Table 1 and it is observed that both Eac and Edc are almost
same. This could be an indication of the fact that the ionic
motion responsible for relaxation, diffusion independent and
for diffusive motion are the same.
Full width at half maximum (FWHM) values of MW
peaks are inversely correlated to the values of b. UsingCB series
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frequency for CB glass series.
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evaluated for all the glasses at various temperatures and
are plotted in Fig. 8 as a function of temperature. The b
values investigated for all the glasses are found to be
constant and lie in the narrow range of 0.5–0.6 and are
essentially temperature insensitive. In the present glasses
the relatively greater dependence of s and weak depend-
ence of b on temperature is suggestive that b and s are
not related in any simple complementary such as b + s =1
[20].8. Normalized plots of conductivity and dielectric
modulus
To examine the fact that the mechanism of ion transport
in these glasses remains unaffected by composition and
temperature, normalized plots of conductivity and imagi-
nary part of dielectric modulus have been studied using the
reduced (master) plots. The typical reduced plots of
conductivity (log(r/ro)) versus frequency (log( f/fo)) for
CL glass series are shown in Fig. 9. Similarly the log (r/ro)
versus log( f/fo) plots for all the glass series and at different
temperatures are plotted on a single graph. The data is found
to be scaled very well and are shown in Fig. 10.
The reduced imaginary part of dielectric modulus (MW/
MWmax) has been plotted as a function of log( f/fo) and is
shown in Fig. 11 for CB glasses, where MmaxW is the
maximum value of MW in MW versus log( f) plots. The
variation of MW/MmaxW versus log( f/fo) for all the glass series
is shown in Fig. 12. It is seen from Fig. 12 that the dielectric
relaxation data also collapses excellently (MW/MmaxW versus
log( f/fo)) for the given range of temperatures. This suggests
that the dynamical processes are temperature independent
and the good time–temperature superposition shows that
conduction mechanism remains unchanged and it is also
indicative of a common ion transport mechanism, whichoperates in the entire range of composition and temperatures
studied.9. Conclusions
The conductivity studies of Li2O–MnO2–B2O3 glass
system have been carried out over the wide range of
frequency and temperature. The conductivity in this glass
system is seen to be dominated by lithium ions and it is
found to increase with increase of modifier concentration.
AC conductivity data has been fitted to a single power
law equation. The power law exponent s is found to
decrease with increase of temperature and exhibit lower
values in highly modified glasses. The stretched exponent
factor b is found to be almost constant and it is
independent of temperature. Scaling analysis of conduc-
tivity and dielectric modulus show excellent time–temper-
ature superposition indicating common ion transport
mechanism.Acknowledgements
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